INTRODUCTION
Aging is characterized by a time-dependent accumulation of cellular and molecular damage, which in turn results in various age-related morbidities [1] [2] [3] . To date, the most effective strategy to improve both health and lifespan in various model organisms is calorie restriction (CR), which refers to a reduced energy intake (usually 30-40% restriction) without malnutrition [4, 5] . Also for humans, emerging evidence suggests that CR is associated with physiological, metabolic and molecular adaptations that may, at least partly, contribute to improved metabolic and molecular health [6] .
The mechanisms underlying the effects of CR are, despite extensive research, only partially understood. A complex interplay between metabolic adaptations, immune responses and other molecular processes are thought to be responsible for the health-promoting and life-extending effects of CR [7, 8] .
Attenuation of chronic low-grade and age-related inflammation, also called inflammaging [9] , is considered a plausible mechanism via which CR prevents or delays common pathologies such as cancer, cardiometabolic diseases and cognitive decline [10] [11] [12] [13] .
Emerging evidence shows that a disturbed balance between beneficial and harmful bacteria is one of the driving forces behind inflammaging [14, 15] . From this perspective, the colon plays a pivotal role in maintenance of health during aging as the intestinal epithelial barrier function and permeability determine interaction with the intestinal microbiota and the external environment [16, 17] . We have previously shown that aging is accompanied by changes in expression of genes related to inflammation and enhanced immune responses in the colon of aging mice [18] . Also age-related changes in microbiota composition and bacterial metabolites, including short chain fatty acids, have been described in aging populations of rodents and humans [15, [19] [20] [21] .
Interestingly, it has been shown that CR is able to alter the intestinal microbiota composition in aging mice [22] . The potential of CR to suppress detrimental processes in the colon, such as carcinogenesis [23, 24] , further emphasizes that CR is a plausible and powerful candidate that may support maintenance of colonic health during aging. However, detailed insight into persistence of CR-induced effects upon challenging conditions is scarce [25] . It has been demonstrated that favourable metabolic effects are persistent after discontinuation of prolonged CR [26, 27] . To what extent this 'metabolic memory' also applies to the colon, and whether CR-induced effects on markers of colonic health are persistent, is not known.
In this study, we provided a comprehensive overview of the molecular, microbial and metabolic effects of lifelong CR, referring to 30% energy reduction without malnutrition, in the colon. The effects of CR were contrasted against a control diet (C) and a Western-style moderate-fat (MF) diet. Microbiota composition, whole-genome gene expression profiles, levels of metabolites and circulating cytokines were determined in male C57BL/6J mice at young (6 months) and old age (28 months). At 24 months of age, a subgroup of mice was transferred from CR to an ad libitum MF diet (CR>MF). This diet switch provided the unique opportunity to study phenotypic plasticity in CR-exposed mice.
MATERIALS AND METHODS

Animals and diets
The design of the study and experimental procedures have been described in detail previously [28, 29] .
Briefly, male C57BL/6J mice were individually housed and randomized to different dietary regimens at the age of 9 weeks. For the current analyses, we considered mice that were lifelong fed a semi-synthetic control diet consisting of 10E% of fat (C), a CR diet without malnutrition (30% energy reduction compared to the C diet) or a MF diet consisting of 25E% of fat (Supplementary Table A.1). All diets, except the CR diet, were fed ad libitum. Mice sacrificed at 6 or 28 months of age were considered in order to differentiate between effects at young and old age. To study the molecular flexibility and dynamics after receiving a strict CR diet for prolonged time, a diet switch was included in this study. A subgroup of mice on CR (n=16) was switched to the MF diet at the age of 24 months until sacrifice at 28 months.
Upon sacrifice at 6 or 28 months of age, colon and plasma samples were collected for 11-18 mice per intervention group. The mice were fasted for 4 hours prior to sacrifice after which they received an intragastric gavage of either solvent (mock: 0.5% carboxymethyl cellulose) or Wy-14643 dispersed in solvent (160 mg Wy-14643/kg body weight) and were then fasted again for another 6 hours. The purpose of the treatment with Wy-14643, which is a PPARα agonist, was to examine PPARα adaptive capacity in the liver, which has been covered in a separate publication [30] . Since Wy-14643 can cause fast and pronounced effects on gene expression in various organs [31, 32] , only mock-treated mice were considered for the gene expression analyses. For the analyses of the microbiota composition and plasma Il6 levels Wy-treated mice were additionally included to increase the statistical power. Results on food intake, body weight development, survival characteristics and liver transcriptome data of the mice have been published elsewhere [33] .
At sacrifice, blood samples were collected by cardiac puncture. The colon was opened longitudinally and colonic luminal contents were obtained by flushing faecal pellets with phosphate-buffered saline (PBS) and immediately stored at -80°C. The colonic luminal content samples were used for metabolite and microbiota profiling. Scrapings of the mucosa and submucosa from the distal and proximal segments of the colon were collected, snap frozen in liquid nitrogen and stored at -80°C for whole-genome gene expression profiling. At the age of 28 months, urinary samples were collected on consecutive days until a total of 1 mL was obtained. Individual mice were held above a clean and empty petri dish and the urine was transferred to an Eppendorf tube which was stored at -80°C. The design of the study and the experiments described were approved by the Local Committee for Care and Use of Laboratory Animals at Wageningen University (drs-2010151b).
Circulating levels of cytokines
Plasma levels of interleukin 6 (Il6) were determined at 6 and 28 months of age (n=8-17 mice per diet group) using the customized Mouse Adipokine Magnetic Bead Panel MILLIPLEX® MAP assay (kit MADKMAG-71K, Merck Millipore, Darmstadt, Germany) according to the manufacturer's protocol. Data were log (base2) transformed for visualisation and statistical analyses.
RNA isolation and gene expression analyses
To determine the transcriptional effects of the different dietary regimens, whole-genome gene expression profiles were studied in the colonic scrapings of mice at 6 and 28 months of age. Colonic samples from 44 mice, ranging from 5-7 mice per group, were analysed. Total RNA was isolated from the scrapings using TRIzol Reagent according to the manufacturer's instructions (Invitrogen, Breda, The Netherlands). Isolated RNA was purified using RNeasy Micro columns (Qiagen, Venlo, The Netherlands) and total RNA yield (Nanodrop ND-1000, Nanodrop Products, Maarssen, The Netherlands) and RNA integrity (Agilent 2100
Bioanalyzer, Agilent Technologies, Amsterdam, The Netherlands) were assessed for all samples.
Purified RNA (100 ng per sample) was converted to cDNA and labelled using an Ambion WT expression kit (Life Technologies, Bleiswijk, The Netherlands). Samples were hybridized to the Affymetrix GeneChip Mouse Gene 1.1 ST array according to the standard Affymetrix protocols (Affymetrix, Santa Clara, CA, USA). Two samples did not pass the quality control and were excluded, resulting in a total of 42 samples with microarray data available. The arrays were normalized using the Robust Multichip Average (RMA) approach [34] . Probe sets were defined according to Dai et al. [35] using the chip description file (CDF) version 19.0.0 based on the Entrez Gene database. Genes that had a RMA expression value >20 in at least 5 arrays were considered expressed. Only those genes with an interquartile range (IQR) >0.1 for all samples together were included in the analyses, resulting in a total of 16,071 genes. Differences in gene expression between the diet groups were analysed using the Intensity Based Moderated T statistics (IBMT) [36] with p-values <0.01 as threshold. Microarray data are available from the Gene Expression Omnibus (GEO) repository with number GSE100701. The CLC Microbial Genomics Module was also used to determine the alpha and beta diversities.
Determination of the microbiota composition based on 16S rRNA gene profiling
For these analyses, all OTU's with a combined number of ≥ 10 reads were considered. The Shannon entropy was used as a measure for alpha-diversity (richness and evenness). The beta diversity, showing differentiation of the taxa among the different samples, was determined using Bray-Curtis distances.
Individual samples were visualized in corresponding principal coordinate analyses (PCoA) plots for the first two principal coordinates. Canoco 5 (Windows release 5.0.4) was used for constrained multivariate data analyses [38] . A redundancy analysis (RDA) was performed with reads (compositional data) as the response variable and the diet groups as the explanatory variable. For this RDA, the 242 OTUs with a relative abundance of ≥0.1% in at least one sample were considered. Numbers of reads were centered and standardized using the Hellinger approach to assign low weights to rare species [39] . The 16S rRNA gene data described in this study have been deposited in the sequence read archive (SRA) at the NCBI with accession number SRP118464.
Levels of short chain fatty acids and other metabolites in the colonic luminal content
Levels of short-chain fatty acids and other metabolites were determined in the colonic luminal content of 6-8 mice per group using proton nuclear magnetic resonance ( 1 H-NMR) as described previously [40] .
Briefly, minimal two pellets of colonic luminal content were weighed, diluted (~1:5) and lysed with a TissueLyser (Qiagen, Hilden, Germany) in phosphoric buffer (in 100 mM, pH 8.0). After centrifugation, 200 μL of the supernatant was transferred to a 3 mm NMR tube (Bruker match system) and measured as described previously [40] . From the aligned spectra, integrals for metabolites of interest (SCFAs and succinate) as well as other metabolites that differed between the intervention groups were selected and quantified. The untargeted approach resulted in the identification of several bile acids that differed between the groups (chemical shifts between 0.7-0.8 ppm). A total of 6 reference compounds (sodium cholate hydrate, sodium glycodeoxycholate, sodium glycocholate hydrate, sodium deoxycholate, sodium taurocholate hydrate, sodium taurodeoxycholate hydrate) were carefully titrated to the samples to provisionally annotate the identified metabolites. Obtained integrals were adjusted for the dilution factor.
Concentrations of metabolites were calculated based on the number of hydrogens for each metabolite selected.
Urinary metabolites
Urinary samples (1 mL) were collected for 7-9 mice per group at the age of 28 months. The urinary samples were sent to the University of Bologna (Bologna, Italy) for metabolomics analyses using 1 H-NMR as described previously [41] . Briefly, spectra were recorded at 298K with an AVANCE III spectrometer (Bruker, Milan, Italy) at a frequency of 600.13 MHz. The obtained NMR spectra were adjusted for baseline values through the simultaneous peak detection and baseline correction algorithm (SPDBC) implemented in the 'baseline' R package [42, 43] . An in-house modified version of the correlation optimized shifting (i-Coshift) was applied to adjust for errors in chemical shift misalignments in localized regions of the spectrum [44] and spectra were normalized by means of the probabilistic quotient normalization method in order to adjust for the water content in the urine [45] . Spectra were subsequently converted to metabolic profiles and quantified by comparing their chemical shift and multiplicity with the Human Metabolome Database [46] and Chenomx software data bank (version 7.7, Chenomx Inc., Edmonton, Canada). In total, 58 unique signals were identified, of which 50 were assigned to specific metabolites. Quantification is based on the conversion of selected integrals (free from interference) to concentrations (values expressed as nM) after comparison to the internal standard (tri-methyl-silyl-propionate).
Supervised partial least square discriminant analyses (PLS-DA) were performed on the concentrations of the metabolites in order to visualize the trends of sample clustering (score plot) and to explore the discriminating metabolites specific for the diet groups at 28 months (loading plot). The R package 'DiscriMiner' was used for PLS-DA with the Leave-One-Out (LOO) approach for cross validation.
To confirm the separation of samples, also principal component analyses (PCA) were performed in order to visualize unsupervised clustering of samples. At the level of the individual metabolites, non-parametric Kruskal Wallis tests and Dunn's post hoc tests were performed in order to compare concentrations of selected urinary metabolites between the diet groups.
Multivariate analyses
In order to integrate the various comprehensive molecular datasets, multivariate analyses were performed using the mixOmics package [47] in R 3.1.2. Correlations between microbiota composition in the colonic luminal content and colonic gene expression profiles in the colonic scrapings were assessed using a partial least square (PLS) analysis in the 'canonical' mode to assess the bi-directional relationships [47] . For 40 individual mice, data on microbiota composition and gene expression were available. Microbiota composition was considered at the genus level. Only genera with at least 10 combined reads for all the samples were considered resulting in 56 genera included in the analyses. Prior to analyses, the MiSeq sequencing reads for the different genera were transformed and zeros were imputed based on the centered log ratio (clr) using the aldex2 package with 1024 monte Carlo permutations [48] . Gene expression data were considered as log2 transformed RMA intensities. The 1000 genes with most variable expression (highest interquartile ranges for log2 RMA values) at the age of 28 months were analysed together with the 56 genera. Hierarchical clustering based on the Euclidian distance was applied for the identification of the six main clusters for both the genes and the genera. The gene ontology (GO) of the biological processes was further explored for the identified gene clusters with the Enrichr enrichment analysis tool [49, 50] .
Relevance networks for the genes and genera with most pronounced pairwise correlations (r ≤-0.75 or r≥0.75) were visualized using Cytoscape [51] .
Statistical considerations
IBM SPSS Statistics 22 for Windows (Armonk, NY, USA) and the R statistical environment (R 3.1.2) were used for the statistical analyses unless otherwise described. Differences between the diet groups were determined with Kruskal Wallis tests for non-parametric data. Dunn's post hoc comparisons were performed to further explore the contrasts and identify differences between the diet groups at young or old age. For data following a normal distribution, a one-way analysis of variance (ANOVA) followed by a post hoc Tukey's test was used to compared the different diet groups at young or old age. Whenever appropriate, statistical analyses were adjusted for multiple testing using the Bonferroni or BenjaminiHochberg approach.
RESULTS
CR affects expression of genes implied in the immune response and inflammation
Gene expression profiles were determined in mucosal scrapings collected at 6 and 28 months of age to identify biological pathways regulated by CR. At 6 months, mice on CR showed differential expression for 825 genes compared to the C diet and 897 genes compared to the MF diet ( Figure 1A) . At 28 months, 657 and 449 genes were differentially expressed comparing CR versus the C and MF diet, respectively.
Several genes involved in lipid metabolism were up-regulated in the mice exposed to CR as compared to MF ( Table 1) . Among these, potential PPAR target genes such as Lpl, Scd1 and Fads1 were identified in mice exposed to CR during aging. Genes most pronouncedly down-regulated upon CR included genes encoding for immunoglobulins and the B-cell antigen receptor complex (Cd79a and Cd79b), S100g / calbindin-D9k, and the antimicrobial factors Lyz1 and Ang4 ( Table 1) .
Ingenuity pathway analysis (IPA) revealed that affected canonical pathways for the comparison between CR and MF were predominantly related to immune responses, and specifically involvement of Blymphocytes and T-lymphocytes ( Figure 1B) . Lipopolysaccharide (LPS) as well as various chemokines and cytokines, such as interleukin 2, 6, 15 and 21, tumor necrosis factor (Tnf), interferon gamma (Infg) and the Spi-1 proto-oncogene (Spi1), were identified as potential upstream regulators responsible for the observed differences in gene expression (Supplementary Table A. 2). A subset of genes was differentially expressed between CR and the MF diet both at young and old age (overlap n=135 genes, Figure 1C ).
Pathway and regulatory analyses for both ages consistently showed attenuation of expression related to immune responses and inflammation in the colon of mice exposed to CR.
To determine whether CR also affected systemic markers of inflammation, circulating levels of interleukin 6 (Il6) were measured in plasma. Levels of Il6 were significantly lower in the mice exposed to CR as compared to the C (p<0.05) or CR>MF diet (p<0.01) at old age ( Figure 1D ).
Gene expression profiles largely adapt to the MF diet after a diet switch at old age
Principal component analyses (PCA) based on the 1000 most variable genes at old age showed that the diet switch (CR>MF) resulted in gene expression profiles that largely resembled profiles of mice on the MF diet ( Figure 1E ). To further investigate persistence or adaptation of expression profiles in the colonic scrapings, we identified genes that were specifically associated with either CR or MF in the diet switch group ( Figure 1F) . Based on 449 genes that were differently expressed between CR and MF, we recognized 27 genes that remained similar to the CR group (p>0.01 for CR versus CR>MF) (Supplementary Table   B .1). Besides several immunoglobulin-related genes, mucin 20 (Muc20) was one of the most prominent CR-associated genes after the diet switch ( Figure 1G ). Table B .1). Stearoyl-CoA desaturase-1 (Scd1) was one of the most prominent adapted genes ( Figure 1H ). This key enzyme in fatty acid regulation was highly expressed in mice exposed to CR, but expression was strongly diminished after the diet switch. Besides Scd1, other genes involved in metabolic processes also adapted to the MF expression profile. Supplementary Figure A.1 shows a network of genes and related molecules involved in lipid metabolism and energy production that shifted towards the MF profile.
Equally, 161 MF-associated genes were identified (Supplementary
In conclusion, gene expression profiles in the colon and circulating levels of Il6 suggest an attenuated immune response and anti-inflammatory profile in mice exposed to lifelong CR. Switching from CR to an ad libitum MF diet at old age resulted in physiological and molecular adaptation. Given the central role of LPS as predicted regulator for gene expression, plausible effects of the dietary regimens on intestinal microbiota composition were further investigated.
The CR diet determines microbiota profiles that are not persistent after a diet switch
Microbial profiling of the colonic luminal content based on Illumina MiSeq sequencing of PCR-amplified 16S rRNA gene fragments resulted in an average of 27,340 reads (standard deviation: 7,940) per sample. The
Shannon entropy, indicating richness and evenness, did not statistically significantly differ between the groups (Figure 2A ). Analyses at the phylum level revealed that Firmicutes were less abundant, whereas Actinobacteria and Verrucomicrobia were more abundant in young mice exposed to CR as compared to the C and MF diet ( Figure 2B) . Likewise, Actinobacteria (<1%) as well as Verrucomicrobia (<1%) were hardly detected in old mice on the C or MF diet, whereas these phyla were more abundant (8% and 4%, respectively) in mice on lifelong CR. In old mice on the MF diet, relative abundance of the Tenericutes increased (2%) as compared to the other diet groups (<0.1%). Differences in microbial composition between samples estimated based on the Bray-Curtis dissimilarity showed that CR clearly separated from the C and MF diet ( Figure 2C) . Switching from CR to MF resulted in microbial profiles that largely resembled that of mice fed the C and MF diet.
More in-depth analyses of the microbiota composition in the colonic luminal content revealed that for 26 genera the relative abundance differed for the respective diet groups (Kruskal Wallis test, p<0.05
with Bonferroni correction, Figure 2D ). At both 6 and 28 months, CR-exposure specifically resulted in higher relative abundance of Bifidobacterium and Lactobacillus genera as compared to the C or MF intervention group. A member of the Peptostreptococcaceae family, Clostridium sensu stricto 1 and
Turicibacter genera were less abundant or absent in the mice on CR. Some genera showed age-related changes in relative abundance, which was markedly attenuated by CR ( Figure 2E) . Taken altogether, these data indicate that CR strongly influenced colonic microbiota composition and that lifelong exposure to CR protected against age-related shifts in microbiota composition. Switching from CR to an ad libitum MF diet resulted in microbial profiles that largely adapted to the MF diet ( Figure   3A ). Multivariate redundancy analyses (RDA) revealed that discriminating OTU signatures specific for CR include Parasutterella, Lactobacillus and Bifidobacterium genera. The diet switch was associated with a signature that resembled that of mice fed the C and MF diet at old age (including genera of Blautia, Roseburia, Desulfovibrio and others, Figure 3B ). These findings indicate that the microbiota profiles in aging mice are dynamic and sensitive to dietary changes, even after lifelong adherence to a strict CR regimen.
Integration of microbiota composition data and gene expression profiles
To reveal whether microbiota composition in the colonic luminal content and gene expression in the colonic scrapings were correlated, transcriptomic and microbiota datasets were integrated based on data of individual mice. The 1000 most variable genes at old age showed pronounced correlations with microbiota composition at the genus level ( Figure 4A) . The two main identified gene clusters referred to biological processes implied in muscle system processes and inflammation (gene cluster 2, 181 genes) or B-cell activation (cluster 3, 152 genes) ( Table 2) . Gene cluster 2 and 3 were positively correlated with microbiota cluster D, which included Clostridium sensu stricto 1, Turicibacter, Roseburia, Bilophila and various members of the Ruminococcaceae and Lachnospiraceae families ( Table 2 ). An inverse correlation for genes in cluster 2 and 3 was found for Lactobacillus, Bifidobacterium, an unclassified Coriobacteriaceae and the Parasutterella genera in cluster F, whereas also Parabacteroides and Bacteroides in cluster E were inversely associated with this gene cluster ( Figure 4A ).
Focussing on the most pronounced (r<-0.75 or r>0.75) correlations in a network analysis indicated that mainly the Parabacteroides genus was inversely correlated to genes involved in extracellular matrix organization, cellular migration, and immune-related genes ( Figure 4B ). Also Parasutterella, Bifidobacterium and an unclassified member of the Coriobacteriaceae family were inversely correlated to several immune-related genes, including genes involved in the innate immune response (Cybb, Cxcl13).
Roseburia, Turicibacter and an unclassified member of the Ruminococcaceae family showed positive correlations for the same genes. Altogether, these results showed that microbiota composition and gene expression profiles in the colon were correlated.
Metabolic signatures show lower bile acid levels in the colon of mice on CR
To strengthen evidence for causal relationships between microbiota composition and gene expression, we determined whether metabolites in the colonic luminal content were affected by the dietary interventions.
Specifically, levels of short-chain fatty acids (SCFAs) and succinate, as major microbial end-products, were chenodeoxycholic acid (ChDxCA), and 4) a ChDxCA derivate [52] . Levels of the primary bile acid CA did not differ between the diet groups, whereas levels of ChDxCA and the secondary bile acids (DxCA / TDxCA and a ChDxCA derivate) were lower in mice exposed to CR as compared to the other diet groups (Figure
5E-H). Levels of these bile acids were inversely correlated with relative abundance of Lactobacillus and
Bifidobacterium and few other genera in the colonic luminal content (for the ChDxCA derivate: Spearman r=-0.824 for Bifidobacterium, r=-0.750 for Lactobacillus and r=-0.733 for Parasutterella) and positively correlated with relative abundance of for example Turicibacter (r=0.702) and an uncultured Peptostreptococcaceae (r=0.624) ( Figure 5I ).
Also urinary metabolites were determined in old mice. Mice exposed to lifelong CR appeared to have different urinary metabolite profiles compared to C and MF diets. Metabolites related to the tricarboxylic acid cycle (TCA) cycle, such as succinate, fumarate, citrate, cis-aconitate and 2-oxoglutarate, were more abundant in mice on CR as compared to the C or MF group (Figure 6B, 6E) . Interestingly, also levels of other metabolites, such as 2-hydroxyisobutyrate which is a microbial metabolite and is associated with adiposity [53] , differed between the intervention groups ( Figure 6F ).
DISCUSSION
The results of this study, unique for its integration of molecular, microbial and metabolic parameters, showed that lifelong CR induced pronounced effects in the colon of aging mice. Our findings strongly support the hypothesis that CR prevents or delays the aging-induced decline in colonic health by modulating the immune response and protection against chronic low-grade inflammation [54, 55] .
Moreover, we speculate that the colonic gene expression profiles related to lipid metabolism and urinary TCA metabolites are pointing towards efficient regulation of energy metabolism in mice exposed to CR.
Molecular, microbial and metabolic patterns showed adaptation after switching from CR to an ad libitum MF diet, although a small subset of genes remained CR-associated.
Several mechanisms have already been proposed to explain the health-promoting or life-extending effects of CR [7, 8] . Based on our gene expression data, CR-induced effects in the colon seemed to be dominated by alterations in immune-and metabolism-related processes. Our findings are consistent with various studies showing that CR affected markers of immune function or reduced expression of inflammatory genes in different tissues and model species [54, 56, 57] . The imbalance between pro-and anti-inflammatory stimuli and subsequent manifestation of chronic, low-grade inflammation during aging are well-known for their involvement in age-related diseases [9] . The intestinal microbiota has been suggested as one of the contributors to chronic low-grade inflammation, possibly through LPS or other microbial products [58] [59] [60] . In our study, LPS was identified as one of the main upstream regulators predicted to be responsible for gene expression differences between CR and MF. Moreover, down-regulated expression of Lyz1 and Ang4, two genes encoding for antimicrobial proteins, as well as lowered plasma levels of Il6 may imply that mice on CR were exposed to less pro-inflammatory stimuli. According to recent insights, the intestinal microbiota is considered a critical determinant of pro-as well as anti-inflammatory stimuli [60] .
Progressive changes in microbiota composition during aging have been described in humans and mice [14, 20, 61] . Our study adds evidence that CR is able to diminish age-related shifts in the intestinal microbiota. Especially age-related declines in relative abundance of Bifidobacterium, Akkermansia, Allobaculum, Parasutterella and an unclassified member of the Coriobacteriaceae family were prevented in mice on CR. Bifidobacterium and Parasutterella were, besides Parabacteroides, also the most pronounced genera inversely associated with the expression of genes involved in the immune response and extracellular matrix organization. Bifidobacterium spp. have been previously recognized for their immunemodulatory and anti-inflammatory effects and are therefore considered beneficial for colonic health [62, 63] . We identified an unclassified genus of the Coriobacteriaceae family, which showed similar correlation patterns as the Bifidobacterium genus. The functional relevance of these findings remains speculative, however, relative abundance of the Coriobacteriaceae was previously reported to be lower in children with inflammatory bowel diseases as compared to healthy controls [64] . Besides, the Coriobacteriaceae family was implied in energy and lipid metabolism in mice [65] . These findings may provide leads for further research focussing on the potential beneficial effects of Coriobacteriaceae with regards to colonic health.
We demonstrated that several genera that were positively correlated with gene expression belong to the Clostridiales order. Although this order comprises a very diverse group of bacteria and functional interpretation is complicated, a previous study highlighted the relevance of the Clostridiales in relation to metabolic status in European women [66] . It should be noted that observed correlations between microbiota composition and colonic gene expression cannot reveal causal relationships, but may provide complementary layers of evidence. Therefore, we obtained further insights into functional outcomes that strengthen the evidence for causal relationships and provide plausible explanations for our observations.
Interestingly, levels of chenodeoxycholic acid and two secondary bile acids (derivates of cholic acid and chenodeoxycholic acid), but not cholic acid, were lower in the colonic luminal content of mice on CR as compared to the other diet groups. These results are in agreement with findings of short-term CR experiments [67] . Elevated levels of secondary bile acids have been associated with inflammation, enhanced intestinal permeability, and colorectal cancer, which highlight the relevance of these compounds for colonic health and involvement in disease development [68] [69] [70] . Primary bile acids are synthesised from cholesterol in the liver, while secondary bile acids are formed by the intestinal bacteria [71] . Levels of the identified bile acids in our study were inversely correlated with relative abundance of Bifidobacterium, Parasutterella and Lactobacillus genera. Although firm conclusions about causal relationships should not be purely based on observed correlations, the intestinal microbiota is thus a plausible candidate that may explain observed differences in bile acid levels across the diet groups. Another explanation for the lowered bile acid levels in the colonic luminal content of mice on CR is based on previous observations that faecal excretion of bile acids is reduced upon CR in obese individuals, which is presumably due to a lowered food mass in the colon [72] or due to more efficient uptake in the ileum [73] . In our study, levels of SCFAs in the colonic luminal content were relatively low, which could be inherent to our semi-synthetic diets low in dietary fibre as compared to regular chow diets.
We have shown that urinary levels of TCA cycle metabolites were increased after lifelong CR as compared to the C or MF diet. Obviously, TCA cycle metabolites in the urine may originate from various tissues and organs, including the colon. Increased expression of genes encoding for metabolic enzymes in the TCA cycle have been previously shown in white adipose tissue of mice under long-term CR [74] .
Interestingly, levels of citrate and other TCA metabolites were decreased in livers of old mice that underwent long-term CR [75] . The contradicting findings for liver and urine may point towards specific urinary excretion of TCA cycle intermediates upon an altered energy balance, which is also clearly demonstrated in relation to human adiposity [53] . We also observed lower levels of sucrose in the urine of CR mice as compared to the MF group, which may be due to a 'leaky gut' phenotype in the MF mice [76] .
It should be mentioned that in our study urine samples were collected according to strict protocols in the morning, i.e. up to 17 hours after provision of the food [29] . The CR mice tended to consume their fixed portion quickly after provision. This implies that CR mice may have been fasted at the time of urine collection, whereas the C and MF mice had ad libitum access to their food and their fasting status may have slightly varied.
The unique diet switch from CR to an ad libitum MF diet at the age 24 months is one of the main strengths of our study. This switch allowed thorough examination of persistence of the CR-induced effects upon challenging conditions. Previous studies showed that favourable metabolic effects of CR, such as an improved glucose tolerance, are persistent after discontinuation of prolonged CR [26, 27] . In our study, we have seen that most gene expression profiles, relative abundance of microbial genera and levels of metabolites adapted to patterns of the MF mice after the diet switch. Our findings are in agreement with results of our previous study focussing on persistence of the liver transcriptome in these mice [33] . Xu and colleagues recently described persistent microbial patterns after switching from CR to a high-fat diet, although it should be noted that their research was performed in the context of a chemically-induced colon cancer model [25] . We showed that expression of 27 genes remained CR-associated. Epigenetic programming may be a plausible explanation for the persistent expression of these genes [77] . Beside some immunoglobulin chains, mucin 20 (Muc20) was one of the genes that retained a CR-like profile with lower expression levels as compared to the MF diet. Muc20 encodes a membrane-bound mucin [78] with low expression levels in the colon. Overexpression of this gene has been associated with a poor clinical outcome in colorectal cancer patients and aggressive colorectal cancer biology [79] . The majority of the differentially expressed genes, specifically involved in lipid metabolism, changed towards expression profiles of the MF mice.
Altogether, this study suggests that prolonged CR may beneficially affect indicators of colonic health in aging mice. A potential mode of action of CR includes prevention of a disturbed colonic microbial ecosystem during aging. Consequently, diminished exposure to specific microbial end-products and components, such as secondary bile acids or lipopolysaccharide (LPS), may result in attenuation of immune cell activation and hence prevention of chronic, low-grade inflammation in the colon (Figure 7) . Moreover,
we have now successfully shown that effects of CR on indicators of colonic health in mice were dynamic and were merely nullified after switching to a diet high in energy, although persistent effects on functional or pathological outcomes cannot be excluded. Our findings provide unique leads for further studies that need to address optimal and feasible strategies for prolonged energy deprivation, with consideration of potential detrimental effects, such as an increased risk of infections or infertility. Naturally, evidence from animal models does not perfectly reflect the human situation [80] and caveats should be carefully considered in terms of feasibility, duration, timing and stringency of the CR conditions [81] . Therefore, it should be further explored how these strategies can be implemented in the human lifestyle and as such may contribute to healthy aging. Heatmap showing the relative abundance for the 26 genera that were identified through a Kruskal Wallis test (p<0.05 with Bonferroni correction, all groups). The genera indicated with an asterisk (*) also showed a significant contrast for the dietary regimens within an age category (Dunn's post hoc analyses, p<0.05).
SOURCES OF FUNDING
[E] Schematic overview of the most pronounced genera that were enriched or depleted in the mice on CR.
The age-independent category refers to similar enrichment or depletion of genera at young and old age, whereas the age-dependent category describes aging-related effects that were diminished upon CR exposure.
[F] Correlation of body weight at sacrifice and relative abundance of the Bifidobacterium genus in the colonic luminal content. Shapes and colours indicate young (square, 6 months) or old (triangle, 28 months) mice upon the C (black), CR (blue), MF (red) diets or the diet switch CR>MF (green). All diet groups were based on n=10 mice, except for the MF group at 28 months which consisted of n=7 mice. 
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Results for the canonical correlation analyses based on the 1000 genes with most variable expression at old age and 56 genera identified in the colonic luminal content a) Gene ontology (GO) biological processes characterizing the gene clusters most pronouncedly correlated to microbiota composition in the colonic luminal content. When more than 5 biological processes were identified, only the top-5 (based on adjusted p-value) was shown. b) The adjusted p-value was corrected for multiple testing using the BenjaminiHochberg method. c) The overlapping genes represent the number of genes identified in the analyses relative to the total number of genes annotated to a biological process. 
